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The Sendai virus RNA polymerase is a complex of two virus-encoded proteins, the phosphoprotein (P) and the large (L)
protein. When aligned with amino acid sequences of L proteins from other negative-sense RNA viruses, the Sendai L protein
contains six regions of good conservation, designated domains I–VI, which have been postulated to be important for the
various enzymatic activities of the polymerase. To directly address the roles of domains IV and VI, 14 site-directed mutations
were constructed either by changing clustered charged amino acids to ala or by substituting selected Sendai L amino acids
with the corresponding sequence from measles virus L. Each mutant L protein was tested for its ability to transcribe and
replicate the Sendai genome. The series of mutations created a spectrum of phenotypes, from those with significant, near
wild-type, activity to those being completely defective for all RNA synthesis. The inactive L proteins, however, were still able
to bind P protein and form a polymerase capable of binding the nucleocapsid template. The remainder of the mutations
reduced, but did not abolish, enzymatic activity and included one mutant with a specific defect in the synthesis of the leader
RNA compared with mRNA, and three mutants that replicated genome RNA much more efficiently in vivo than in vitro.
Together, these data suggest that even within a domain, the function of the Sendai L protein is likely to be very complex. In
addition, SS3 and SS10 L in domain IV and SS13 L in domain VI were shown to be temperature-sensitive. Both SS3 and SS10
gave significant, although not wild-type, activity at 32°C; however, each was completely inactivated for all RNA synthesis at
37 and 39.6°C. SS13 was completely inactive only when synthesized at the higher temperature. Each polymerase synthesized
at 32°C could only be partially heat inactivated in vitro at 39.6°C, suggesting that inactivation involves both thermal lability
of the protein and temperature sensitivity for its synthesis. © 2000 Academic PressINTRODUCTION
Sendai virus, a member of the Paramyxoviridae family,
has a nonsegmented genome consisting of an approxi-
mately 15.3-kb single-stranded RNA of negative (2) po-
larity (for reviews, see Kingsbury, 1991; Lamb and Kola-
kofsky, 1996). The genome RNA is always found tightly
associated with the nucleocapsid (NP) protein, which
gives the genome its helical shape and confers resis-
tance to nuclease activity. It is only RNA-NP, the encap-
sidated form of the genome, which can serve as the
template for viral transcription and replication. The virion-
associated RNA-dependent RNA polymerase consists of
a complex of two virus-encoded proteins, the phospho-
protein (P, 568 amino acids [aa]) and the large protein (L,
2228 aa). Upon infection of a host cell, the viral RNA
polymerase sequentially transcribes the genome to yield
first (1) strand leader (le1) RNA, followed by the capped,
methylated, and polyadenylated mRNAs in the order NP-
P/C/V-M-F-HN-L. The switch from the synthesis of mono-
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426cistronic viral mRNAs to the replication of genome RNA
is apparently controlled by concurrent synthesis and
encapsidation with NP protein to generate full-length (1)
and (2) sense nucleocapsid-associated RNAs (Vidal and
Kolakofsky, 1989).
For both transcription and replication, the model for
Sendai RNA polymerase function is that the P moiety of
the P-L complex mediates the binding of the enzyme to
the RNA-NP template (Ryan and Portner, 1988), while the
associated L protein carries out all of the necessary
enzymatic functions. The proposed activities of the L
protein include the initiation, elongation, and termination
of RNA polymerization, as well as mRNA capping, meth-
ylation, and polyadenylation. This is supported by bio-
chemical experiments, where in the related rhabdovirus,
vesicular stomatitis virus (VSV), it has been shown that
polyadenylation (Hunt and Hutchinson, 1993) and meth-
yltransferase (Hammond and Lesnaw, 1987; Hercyk et
al., 1988) activities map to the L protein. This array of
activities suggests that there may be multiple indepen-
dent functional regions within the L protein, an idea
supported by studies of temperature-sensitive (ts) mu-
tants in the VSV L protein, which demonstrated intra-
genic complementation (Pringle, 1991). Furthermore, the
size of the L protein (nearly 50% of the coding potential of
the virus genome) provides ample room for multiple
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427SENDAI DOMAIN IV AND VI L MUTANTSfunctional regions. Indeed, when the amino acid se-
quences of L proteins from a variety of (2) sense RNA
viruses were compared (Poch et al., 1990; Sidhu et al.,
993), it was found that there are six regions of good
onservation, designated domains I to VI (Fig. 1). It has
een proposed that these conserved domains constitute
he enzymatic activities of the L protein, while the more
ariable regions between the domains contribute to the
verall conformation of the protein.
To date, no specific activities have been definitively
FIG. 1. Locations of the domain IV and VI Sendai L mutants. (A) A s
dark gray boxes represent the conserved domains in the L protein (belo
Restriction sites are indicated at the bottom; those in plain type are uni
and the existing site in parentheses (BseRI) is not unique but was use
positions and names (above) of the mutations. Underlined, bold residu
SS14 were charged-to-alanine mutations, while the remainder were su
of high conservation (Sidhu et al., 1993).apped to any of the conserved domains of the Sendai
irus L protein, although sequence analysis has revealedthe presence of three conserved motifs found in other
well-characterized polymerase proteins (Poch et al.,
1990). In domain II, for example, there is a charged
putative RNA binding motif, in which highly conserved
residues are essential for Sendai RNA synthesis (Small-
wood et al., 1999). Domain III contains a potential GDNQ
template recognition/phosphodiester bond-forming mo-
tif, which has been shown to be essential for VSV, rabies,
and bunyavirus L proteins (Jin and Elliot, 1992; Sleat and
Banerjee, 1993; Schnell and Conzelman, 1995), as muta-
ic of the genes of Sendai virus is shown at the top. The hatched and
amino acid position of the beginning and end of each domain is shown.
hin the L gene, those in boxed type are silent, unique introduced sites,
ning. Amino acid sequences of domains IV (B) and VI (C) showing the
re changed to the amino acids listed in Table 1. SS9–SS11, SS13, and
ons of measles virus amino acids. The boxed areas show sequenceschemat
w); the
que wit
d in clo
es wetions within this motif abolished RNA synthesis. Closer to
the C-terminus of the protein, domain VI possesses a
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428 FELLER ET ALputative purine nucleotide binding element, shown by
one deletion mutant to be necessary in VSV L for RNA
polymerization (Canter et al., 1993). The remainder of the
domains have no recognized motifs, so to further ad-
dress Sendai virus L polymerase function, we have used
two approaches to make multiple site-directed mutations
in the unexplored domains IV and VI of the Sendai L
gene. We changed either clustered charged amino acids,
conserved in morbilli- and parainfluenza viruses, to ala-
nine or small blocks of nonconserved amino acids lo-
cated adjacent to highly conserved regions to the corre-
sponding amino acids in the L protein of the related
measles virus. The latter technique with exchange of
small regions previously generated a variety of RNA-
defective phenotypes for mutants in domain I of the
Sendai virus L protein, whereas swapping larger blocks
of sequence between L proteins completely abolished
activity (Chandrika et al., 1995). We have found a spec-
trum of phenotypes of the domain IV and VI L mutants in
various aspects of viral RNA synthesis in vitro and in vivo,
including temperature sensitivity, utilizing extracts of
cells expressing the Sendai P and NP, and the wild-type
(wt) or mutant L proteins from the cloned genes.
RESULTS
The mutations in domains IV and VI of the Sendai
virus L protein have a range of effects on mRNA
synthesis in vitro
T
Activity of Domains IV and VI
L mutanta Amino acid changes m
wt None
SS1 M943L, S944N, T945M
SS2 A957V, V958T, A959S
SS9 D963A, K965A, R966A*
SS3 P1004V, H1005C, S1006V
SS4 T1011R, I1012L, I1013L
SS5 Q1023I, E1024H
SS6 E1036D, T1037D
SS10 E1040A, E1041A, D1042A*
SS11 D1051A, R1052A, K1053A*
SS7 G1065D, N1066H
SS8 Y1097S, G1098R, I1099V
SS13 K1798A, D1799A, R1800A*
SS12 D1815K, A1816E, T1817I
SS14 R1838A, E1839A*
a Mutants SS1–SS11 are in domain IV; mutants SS12–SS14 are in do
b Transcription in vitro of both mRNA and le1 RNA is the average (wi
to wt L as 100%.
c DI-H replication in vitro and in vivo is the average (with ,10% diffe
100%.The amino acid substitutions shown in Figs. 1B and 1C
nd Table 1 were introduced into domains IV (SS1–SS11)
f
mand VI (SS12–SS14) of the Sendai L gene by site-directed
mutagenesis as described under Materials and Meth-
ods. We first tested whether the mutant L proteins were
synthesized. Cells were infected with VVT7 and trans-
fected with the P plus wt or mutant L plasmids, and the
synthesized proteins were radiolabeled overnight at
37°C. P plasmid was added because P protein is re-
quired for the stabilization of L protein (Horikami et al.,
1997). Extracts of these cells were either immunoprecipi-
tated or analyzed directly by gel electrophoresis as de-
scribed under Materials and Methods. The wt L and P
proteins were expressed well from the plasmids (Figs.
2A and 2B, lanes 2), compared with some background
vaccinia virus proteins in the mock extract (Figs. 2A and
2B, lanes 1). Each of the domain IV L mutants was stably
synthesized in amounts equivalent to wt L (Fig. 2A, lanes
3–13); however, the domain VI L mutants were synthe-
sized in somewhat reduced amounts (Fig. 2B).
The L mutants were then tested for their ability to
synthesize viral mRNA in vitro. VVT7-infected cells were
transfected with P and wt or mutant L plasmids, incu-
bated overnight at 37°C and cytoplasmic cell extracts
were prepared as described under Materials and Meth-
ods. The extracts were incubated with polymerase-free
Sendai RNA-NP template in the presence of [a32P]CTP
nd the total mRNA products analyzed. The wt Sendai L
nd P proteins gave good synthesis of viral mRNA (Figs.
C and 2D, lanes 2), while no synthesis was seen using
n extract from cells that were infected but not trans-
nts in Sendai RNA Synthesis
ranscriptionb (%) Replicationc (%)
le1 RNA In vitro In vivo
100 100 100
125 92 80
51 100 92
0 0 0
3 0 0
12 46 32
78 70 50
93 39 60
7 0 5
0 0 0
106 22 52
77 9 34
19 19 73
0 0 0
6 4 0
I; *, shows charged-to-alanine mutations.
% difference) of two to three experiments as in Figs. 2 and 3 compared
of two to three experiments as in Figs. 4 and 5 compared to wt L asABLE 1
L Muta
T
RNA
100
107
62
0
3
33
70
75
1
0
86
84
20
0
4
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th ,10ected (Figs. 2C and 2D, lanes 1), as expected. Six of the
utant L proteins (SS1, SS2, SS5, SS6, SS7, and SS8)
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429SENDAI DOMAIN IV AND VI L MUTANTSretained significant activity, with greater than 60% of the
wt L activity (Fig. 2C, lanes 3, 4, 8, 9, 12, and 13; Table 1).
SS4 and SS13 had decreased activity (33 and 20% of wt
L; Table 1), while the mutants SS9, SS3, SS10, SS11,
SS12, and SS14 directed little or no transcription (Fig. 2C,
lanes 5, 6, 10, and 11; Fig. 2D, lanes 4 and 5). Although
there were reduced amounts of SS12 and SS14 protein
synthesis, the reduction did not account for the nearly
complete loss of activity. Immunoblot analysis on sam-
ples of the transcription extracts demonstrated that
nearly equal levels of P were synthesized (data not
shown).
Since the clustered charged-to-alanine method of mu-
tagenesis has been shown to yield temperature-sensi-
tive (ts) mutants (Diamond and Kirkegaard, 1994; Hassett
and Condit, 1994; Ohya and Botstein, 1994), we also
tested whether any of the L mutants were ts for tran-
cription. Infected cells transfected with P and the mu-
ant L plasmids were incubated at 32°C, potentially a
ermissive temperature, and cell extracts were prepared
nd assayed for transcription. While most of the L mu-
FIG. 2. In vitro transcription with the domain IV and VI L mutants. A549
or with wt P plus the indicated wt or mutant L plasmids and incuba
Express-[35S] and cytoplasmic extracts immunoprecipitated with a-P a
precipitated proteins were analyzed by SDS–PAGE. (B) Alternatively
locations of the P and L proteins are indicated. (C) and (D) Cytoplasmic
with polymerase-free Sendai RNA-NP template in the presence of [a3
lectrophoresis as described under Materials and Methods. The positants gave the same amount of mRNA synthesis at both
2 and 37°C, the SS3, SS10, and SS13 L mutants eachgave significant transcription at 32°C, although they
were much less active or inactive when synthesized at
37°C (data not shown; see Table 2).
The effects of L mutations on the synthesis of le1
RNA are similar to the effects on mRNA synthesis
Since several of the L mutations decreased or abol-
ished the ability of the polymerase to transcribe full-
length mRNAs, we examined the activity of the mutant
proteins in the synthesis of positive-sense 55 nt leader
(le1) RNA, which is the first product of transcription of
the template. Cells were infected and transfected with P
and wt or mutant L plasmids, extracts were incubated
with Sendai RNA-NP template, and the total RNA prod-
ucts purified and analyzed by Northern blotting with a
radiolabeled le1-specific oligonucleotide probe. Wt L
synthesized le1 RNA (Figs. 3A and 3B, lanes 2) along
with some longer products probably derived by
readthrough at the le1-NP junction (Vidal and Kolakof-
sky, 1989; Horikami and Moyer, 1995), while no products
ere infected with VVT7 and transfected with either no plasmids (Mock)
37°C. (A) Infected and transfected cells were labeled overnight with
antibodies as described under Materials and Methods. The immuno-
al radiolabeled proteins were analyzed directly by SDS–PAGE. The
ts of unlabeled cells incubated for 18 h were prepared and incubated
at 30°C. Labeled RNA products were purified and separated by gel
the NP and P mRNAs, which comigrate, is indicated.cells w
ted at
nd a-L
the tot
extracwere seen in the mock extract (lanes 1). Mutants SS1,
SS2, SS5–SS8, and SS13 retained some activity (Fig. 3A,
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430 FELLER ET ALlanes 3, 4, 8, 9, 12, and 13; Fig. 3B, lane 3), corresponding
to about the same levels of mRNAs (Table 1). SS4 gave
markedly decreased le1 RNA synthesis (12% of wt L,
ane 7) compared with 33% mRNA synthesis (Table 1).
ike the mRNA transcription results, mutants SS9, SS3,
S10, SS11, SS12, and SS14 showed little or no transcrip-
ion of le1 RNA (Fig. 3A, lanes 5, 6, 10, and 11; Fig. 3B,
lanes 4 and 5). Since in these cases products smaller
than 55 nt were also not seen, RNA synthesis was not
initiated.
T
Viral RNA Synthesis w
L Mutant 32° 37° 39.6°
In vitro mRNA (%)
T 100 100 100
S3 (IV) 73 3 0
S10 (IV) 28 1 0
S13 (VI) 42 20 4
In vitro le1 RNA (%)
T 100 100 100
S3 86 3 0
S10 70 7 0
S13 62 19 4
Note. The mutants SS3 and SS10 are in domain IV, while SS13 is in d
nd the WT or mutant L plasmids, incubated at the indicated temperat
aterials and Methods and Figs. 2–5, 8, and 9. The data are the averag
FIG. 3. Synthesis of le1 RNA by the L mutants. VVT7-infected cells
or domain IV (A) or VI (B) mutant L plasmids and incubated for 18 h at
Sendai RNA-NP template. Unlabeled total products were purified, sepa
le1-specific oligonucleotide probe as described under Materials and Methods
bromophenol blue (bpb) dyes are shown.Effects of the L mutations on in vitro DI-H RNA
replication
The mutants were assayed for their ability to replicate
a viral DI-H template by two separate methods. First, in
vitro replication measures the ability of the viral polymer-
ase to catalyze a single round of replication using tem-
plate purified from DI-H virus. VVT7-infected cells were
transfected with plasmids encoding the Sendai wt P, NP,
and wt or mutant L genes, and cytoplasmic extracts of
Sendai ts L Mutants
L Mutant 32° 37° 39.6°
In vitro replication (%)
WT 100 100 100
SS3 47 0 0
SS10 53 1 2
SS13 70 19 2
In vivo replication (%)
WT 100 100 100
SS3 89 0 0
SS10 87 0 0
SS13 80 73 8
VI. VVT7-infected cells were transfected with P (and NP for replication)
nd assayed for various aspects of RNA synthesis as described under
o to three experiments with 10% variation compared to WT L as 100%.
ansfected with no plasmids (Mock) or with wt P plus the indicated wt
ytoplasmic extracts of the cells were incubated with polymerase-free
y gel electrophoresis, and detected by Northern blot analysis using aABLE 2
ith the
omainwere tr
37°C. C
rated b. The positions of the 55 nt le1 product and the xylene cyanol (xc) and
r
( vivo (B
431SENDAI DOMAIN IV AND VI L MUTANTSthe cells were incubated with polymerase-free DI-H
RNA-NP template in the presence of a radiolabeled nu-
cleotide. The products were digested with micrococcal
nuclease to degrade all nucleic acids except for NP-
encapsidated replication products, which were purified
and separated by gel electrophoresis. The wt L protein
directed the synthesis of the DI-H genome RNA, while
there was no product with the mock extract (Figs. 4A and
4B, lanes 1 and 2). For the majority of the L mutants
replication was generally similar to that of transcription.
For example, SS1 and SS2 were at or near wt levels for
replication (Fig. 4A, lanes 3 and 4), while SS4, SS5, and
SS13 had intermediate levels of activity, catalyzing 19–
70% of wt L replication (Fig. 4A, lanes 7 and 8; Fig. 4B,
lane 3; Table 1). In contrast, for the SS6 L mutant repli-
cation was about half its level of transcription, while SS7
and SS8 were much more severely inhibited in in vitro
replication than in transcription, at only 22 and 9% of wt
L, respectively (Fig. 4A, lanes 12 and 13; Table 1). Finally,
mutants SS9, SS3, SS10–SS12, and SS14 catalyzed little
or no replication (Fig. 4A, lanes 5, 6, 10, and 11; Fig. 4B,
lanes 4 and 5), similar to the lack of mRNA synthesis
(Table 1). Immunoblot analysis of the replication extracts
FIG. 4. In vitro DI-H RNA replication with the L mutants. VVT7-infecte
and the indicated wt or domain IV (A) or VI (B) mutant L plasmids
polymerase-free DI-H RNA-NP template in the presence of [a32P]CTP
eplication products were separated by gel electrophoresis as describ
C) and (D) Immunoblot analyses of samples of the in vitro (A) and in
positions of the P and NP proteins are indicated.showed that both NP and P were equally expressed in
each extract (Figs. 4C and 4D).Effects of the L mutations on in vivo DI-H replication
An in vivo method for assaying the replication capac-
ities of the mutant L proteins measures the ability of the
viral polymerase to direct multiple rounds of replication
from a DI-H template transcribed in the transfected cell.
VVT7-infected cells were transfected with plasmids en-
coding wt P, NP, and wt or mutant L plasmids, along with
pSPDI-H, the DI-H genomic plasmid (Myers and Moyer,
1997) or with pSPDI-H alone. T7 RNA polymerase tran-
scribes the DI-H plasmid to generate full-length (1)
sense DI-H genomic RNA, which has an authentic 39 end
as a result of the action of the hepatitis delta ribozyme at
the end of the primary transcript. DI-H transcripts non-
specifically encapsidated by the NP protein then serve
as a template for the viral polymerase to synthesize
encapsidated (2) sense DI-H RNA, the template for fur-
ther rounds of replication. Cytoplasmic extracts of the
infected, transfected cells were digested with micrococ-
cal nuclease to degrade all nucleic acids except for
encapsidated RNA replication products and (2) sense
replication products were detected by Northern blot
analysis with a (1) sense DI-H-specific riboprobe. The
were transfected with either no plasmids (Mock) or with wt P and NP
ncubated 18 h at 37°C. Cytoplasmic extracts were incubated with
hen digested with micrococcal nuclease. Nuclease-resistant labeled
er Materials and Methods. The position of the DI-H RNA is indicated.
) replication extracts respectively with a-P and a-SV antibodies. Thed cells
and i
, and t
ed undpositive control with wt L showed good DI-H RNA repli-
cation (Figs. 5A and 5B, lanes 2), while in the negative
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432 FELLER ET ALcontrol transfected with pSPDI-H alone there was no
replication (Figs. 5A and 5B, lanes 1). With most of the L
mutants the replication results most closely resemble
the trends seen in in vitro transcription. SS1, SS2, and
S4–SS8 (Fig. 5A, lanes 3, 4, 7, 8, 9, 12, and 13) each
etained significant activity, while SS9, SS3, SS10, SS11,
S12, and SS14 (Fig. 5A, lanes 5, 6, 10, and 11; Fig. 5B,
anes 4 and 5) gave little or no in vivo replication. Inter-
estingly, SS7, SS8, and SS13 gave two- to fourfold more
replication in vivo than in vitro (Fig. 5, Table 1).
The enzymatically inactive L mutants retain the ability
to complex with P protein and the complexes bind to
nucleocapsids
Finally, we wished to determine whether those L mu-
tants that were enzymatically inactive (SS3, SS9, SS10–
SS12, and SS14; Table 1) were able to complex with P
protein, and whether these polymerase complexes could
bind to the viral template, protein-protein interactions
that are required for activity. VVT7-infected cells trans-
fected with wt P and wt or mutant L plasmids were
labeled with 35S-amino acids. Immunoprecipitation of ex-
tracts showed that the P and L proteins were all synthe-
sized (Fig. 6A). Samples were also incubated in the
absence or presence of Sendai RNA-NP (Nucs), fraction-
ated by centrifugation through glycerol and the nucleo-
capsid-associated proteins in the pellet analyzed by gel
electrophoresis as described under Materials and Meth-
ods. In addition to some background vaccinia virus or
cellular proteins seen in the mock samples (Fig. 6B,
lanes 1 and 2), for wt L and each of the L mutants there
was only a small amount of the viral proteins pelleted in
the absence of Nucs (Fig. 6B, odd lanes), but the
FIG. 5. In vivo DI-H RNA replication with the L mutants. VVT7-infected
cells were transfected with either pSPDI-H plasmid alone (Mock) or
with pSPDI-H plus wt P and NP and the indicated wt or domain IV (A)
or VI (B) mutant L plasmids and incubated at 37°C for 18 h. Cytoplasmic
extracts were directly digested with micrococcal nuclease and purified
nuclease-resistant replication products synthesized in the cells were
analyzed on a Northern blot with a (2) sense DI-H-specific 32P-labeled
iboprobe as described under Materials and Methods. The position of
he DI-H RNA is indicated.amounts of P and L proteins in the pellet increased
significantly in the presence of template (Fig. 6B, even
p
planes and data not shown). Since L protein cannot bind
to nucleocapsids directly, these data indirectly suggest
that all these mutant L proteins did form a P-L complex.
Furthermore, the complex could clearly bind to the tem-
plate; however, no RNA synthesis was observed.
Temperature sensitivity of domain IV and VI L
mutants in transcription
Our initial data suggested that the SS3, SS10, and
SS13 mutant L proteins were ts for transcription, so they
were further analyzed for various aspects of viral RNA
synthesis when synthesized at both permissive (32°C)
and nonpermissive (39.6°C) temperatures. VVT7-infected
cells were transfected with wt P and the wt and mutant
L plasmids and incubated at different temperatures. To
monitor viral protein synthesis the cells were labeled
with 35S-amino acids. All the L proteins were synthesized
n similar amounts at 32°C as expected (Fig. 7, lanes
–5). At 37°C SS3, SS10, and SS13 L were somewhat
educed compared with wt L (Fig. 2). At the nonpermis-
ive temperature of 39.6°C there was a significant de-
FIG. 6. Nucleocapsid binding of enzymatically inactive domain IV L
mutants. VVT7-infected cells were transfected with either no plasmids
(Mock) or with wt P and the indicated wt or mutant L plasmids and
labeled overnight at 37°C with Express-[35S]. (A) Aliquots of cytoplas-
ic extracts of the cells were immunoprecipitated with a-P and a-L
ntibodies and analyzed by SDS–PAGE. (B) Samples of these extracts
ere incubated either in the absence (2Nucs) or presence (1Nucs) of
t Sendai RNA-NP template and separated by centrifugation as de-
cribed under Materials and Methods. The nucleocapsid-containing
ellets were analyzed by SDS–PAGE. The positions of the P and L
roteins are indicated in each panel.
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433SENDAI DOMAIN IV AND VI L MUTANTScrease even in the accumulation of wt L, but there was a
further decrease in SS3 and SS10 L, with an intermediate
level of SS13 L (Fig. 7, lanes 6–9). P protein synthesis at
39.6°C was reduced a little from that at the permissive
temperature, but not nearly like the decrease seen in
wt L.
Unlabeled cytoplasmic cell extracts were assayed for
mRNA and le1 RNA synthesis in vitro at 30°C. When
synthesized at 32°C each of these L mutants gave sig-
nificant, although not wt levels of mRNA synthesis, with
SS10 being the most impaired even at the permissive
temperature (Fig. 8A, Table 2). Strikingly, SS3 and SS10
gave virtually no mRNA product when synthesized at
39.6°C (Figs. 8A and 8B, Table 2). The magnitude of the
reductions in activity cannot be accounted for by the
three- to fourfold reduced accumulation of these proteins
at the nonpermissive temperature. SS13 gave a some-
what less, but still significant 10-fold decrease in mRNA
synthesis. SS3 and SS10 L were basically completely
inactivated even at 37°C where protein levels were not
reduced as much; however, SS13 showed only a twofold
inactivation at 37°C, with the higher temperature re-
quired for complete inactivation (Table 2). A similar pat-
tern was seen for the inactivation of le1 RNA synthesis
when each of the mutant L proteins was synthesized at
increasing temperatures (Figs. 8C and 8D); however, in
each case at 32°C le1 synthesis was significantly more
than mRNA synthesis (Table 2).
Temperature sensitivity of domain IV and VI L
mutants in DI-H replication
Each of the L mutants was then assayed to determine
whether in vitro and in vivo replication were affected by
FIG. 7. Temperature-sensitive L protein synthesis at the permissive
and nonpermissive temperatures. VVT7-infected cells were transfected
with the wt P and ts L plasmids and incubated at 32 or 39.6°C and
abeled overnight with Express-[35S]. Samples of the cytoplasmic ex-
tracts were directly analyzed by SDS–PAGE and quantitated on the
phosphorimager. The positions of the P and L proteins are indicated.
The P protein was apparently partially degraded in this experiment, but
not in others (Figs. 2, 4, and 5), since a lower band also was present.the temperature of synthesis. First, infection and trans-
fection were done at both 32 and 39.6°C and cell ex-
T
btracts assayed for replication with purified DI-H template
in vitro at 30°C. SS3, SS10, and SS13 were again ts, with
activities of 47–70% of wt L when synthesized at the
permissive lower temperature, compared with 0–2% at
FIG. 8. In vitro transcription with temperature-sensitive L mutants.
VT7-infected cells were transfected with either no plasmids (Mock) or
ith wt P plus the indicated wt or mutant L plasmids and incubated at
ither 32°C (A, C) or 39.6°C (B, D). (A) and (B) Cytoplasmic extracts from
ells at the different temperatures were then incubated at 30°C with
olymerase-free Sendai RNA-NP template in the presence of
a32P]CTP. Labeled mRNA products were purified and separated by gel
lectrophoresis. The position of the NP and P mRNAs is indicated. (C)
nd (D) Cytoplasmic extracts from cells at the different temperatures
ere incubated at 30°C with polymerase-free Sendai RNA-NP template
n the absence of radiolabel. Unlabeled total RNA was isolated and the
e1-specific band was detected by Northern blot analysis as in Fig. 3.
he positions of the 55 nt le1 RNA and the xylene cyanol (xc) and
romophenol blue (bpb) dyes are indicated.
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434 FELLER ET ALthe nonpermissive temperature (Figs. 9A and 9B, Table
2). A somewhat different pattern was seen for in vivo
I-H replication where the assay utilizes template syn-
hesized in the cells at each temperature. At 32°C all
hree mutants, interestingly, gave better replication in
ivo than in vitro. Furthermore, SS13 was not inactivated
t 37°C, although it was at the higher temperature (Figs.
C and 9D, Table 2). Thus overall, these mutants showed
imilar temperature sensitivity for both replication and
ranscription.
nactivation of ts L proteins in vitro
We next tested whether the ts L mutants synthesized
n cells at the permissive temperature can be heat inac-
FIG. 9. DI-H RNA replication with temperature-sensitive domain IV
nd VI L mutants. For in vitro replication VVT7-infected cells were
transfected with either no plasmids (Mock) or with wt P and NP and the
indicated wt or mutant L plasmids and incubated at 32°C (A) or 39.6°C
(B). Cytoplasmic extracts were made, incubated at 30°C with poly-
merase-free DI-H RNA-NP template in the presence of [a32P]CTP, then
digested with micrococcal nuclease and the purified nuclease-resis-
tant labeled replication products analyzed as in Fig. 3A. For in vivo
replication VVT7-infected cells were transfected with either pSPDI-H
plasmid alone (Mock) or with pSPDI-H plus the wt P and NP and the
indicated wt or mutant L plasmids and incubated at 32°C (C) or 39.6°C
(D). For the latter temperature the wt control was in duplicate. Cyto-
plasmic extracts were directly digested with micrococcal nuclease and
the nuclease-resistant replication products were purified and analyzed
by Northern blotting as in Fig. 3B. The position of the DI-H RNA is
indicated in each panel.ivated in vitro. VVT7-infected cells were transfected with
he P and wt or mutant L plasmids and incubated at
a
b2°C. Cytoplasmic cell extracts were prepared and then
ncubated for various times at the nonpermissive tem-
erature of 39.6°C. The wt Sendai template was added
nd the samples incubated at the normal transcription
emperature of 30°C. The mRNA products were quanti-
ated after gel electrophoresis and plotted. The wt L
rotein activity was stable for 5 min at 39.6°C, but there
as about 20% inactivation after 10 min (Fig. 10). SS13
as the most heat sensitive protein, with 70% inactiva-
ion after 10 min, while SS3 and SS10 were of interme-
iate thermolability. This was somewhat surprising,
ince the latter two mutants gave no transcriptase activ-
ty when synthesized at the nonpermissive temperature.
DISCUSSION
While comparison of the amino acid sequences of the
polymerase proteins of (2) strand RNA viruses indi-
ates the presence of six conserved domains (Fig. 1A)
Poch et al., 1990; Sidhu et al., 1993), none of these has
et been definitively linked to any known function of the
olymerase. Domains II, III, and VI have motifs con-
erved in other polymerases; however, the remainder of
he domains have no recognized motifs to give any indi-
ation of function. In such a large protein as L it is
ifficult to choose the site and nature of mutations to
onstruct to elucidate function; therefore, we have ini-
ially engineered mutations to span domains IV (aa 927–
128) and VI (aa 1770–1847) of Sendai L either by chang-
ng clustered charged amino acids conserved between
FIG. 10. Temperature inactivation of ts L mutants. A549 cells were
infected in triplicate with VVT7, transfected with wt P plus the indicated
wt or mutant L plasmids and incubated at 32°C (permissive tempera-
ture) overnight. Cytoplasmic extracts were made, pooled, and samples
incubated for 0, 5, or 10 min at 39.6°C. The samples were then
incubated with polymerase-free Sendai RNA-NP template in the pres-
ence of [a32P]CTP at 30°C. Labeled RNA products were purified,
eparated by gel electrophoresis, the amount of radioactivity in the
RNA determined on a phosphorimager, and plotted for each samples the percentage of RNA synthesis relative to that sample not incu-
ated at the nonpermissive temperature as 100%.
435SENDAI DOMAIN IV AND VI L MUTANTSthe paramyxoviruses to ala or by substituting the corre-
sponding measles L sequence for Sendai amino acids at
nonconserved residues located between regions of high
homology in each domain (Figs. 1B and 1C). All of the five
charged-to-ala mutants (SS9, SS10, SS11, SS13, and
SS14) when synthesized at the higher temperatures were
virtually inactive (Tables 1 and 2), although these L mu-
tants could form the polymerase complex which could
bind to the template. Therefore, charge at these residues
is apparently important for polymerase function in the
initiation of RNA synthesis, since not even very small
products (,55 nt) were synthesized. In contrast, the
Sendai-to-measles changes were less disruptive to poly-
merase function, as four of nine such mutants (SS1, SS2,
SS5, and SS6) retained significant activity and only two
(SS3 and SS12) were inactive. It is of note that mutant
SS1 in domain IV, which retains nearly wt activity,
changes the three variable residues, aa 943–945, situ-
ated within an area (aa 937–956) with otherwise invariant
amino acid conservation in the paramyxovirus family
(Fig. 1A) (Sidhu et al., 1993). Since the measles amino
acids can substitute in the context of the Sendai protein,
there is flexibility of sequence in this one area. This kind
of substitution was not allowed, however, in another
almost invariant region in domain I (Chandrika et al.,
1995).
In the remaining three Sendai-to-measles L mutants in
domain IV (SS4, SS7, and SS8) polymerase activity was
altered to give interesting partially defective phenotypes.
The SS4 mutations are located 5 residues downstream
from the inactive SS3 mutant and 10 residues upstream
from the active SS5 mutant between regions of high
conservation (Fig. 1B). SS4 was somewhat more im-
paired in transcription and replication, but its unusual
feature was the defect in le1 RNA synthesis. While
mRNA synthesis with this mutant was decreased to 33%,
le1 was only 12% of wt L (Table 1). This is unusual, as
le1 RNA is the first product of transcription and is gen-
erally produced at a level equal to or greater than NP
mRNA. This phenotype was also seen in two Sendai
domain II L mutants (Smallwood et al., 1999) and in two
P mutants (Bowman et al., 1999). One possible explana-
tion is that the mutant polymerase preferentially initiates
at the start of the NP gene, bypassing the le1 promoter
at the 39 end. There is a precedent for this in vesicular
stomatitis virus (VSV), where a mutation in the N protein
causes initiation directly at the N gene instead of at the
39 end (Chuang and Perrault, 1997). If this were the case
with SS4, one would expect that replication would also
be reduced to 12% of wt L, since le1 RNA is required for
the initiation of encapsidation in replication (Lamb and
Kolakofsky, 1996). Replication with SS4 was not reduced
to these levels, but was similar to transcription (Table 1),
suggesting that this is not the mechanism. A second
possible explanation for the decrease in le1 RNA syn-
thesis is that transcription may not efficiently terminate atthe le1-NP junction, producing instead fused le1-NP
transcripts. However, with SS4 there does not seem to be
an increase in the readthrough products, which are also
significantly reduced (Fig. 3), so the mechanism remains
to be determined.
The mutants SS7 and SS8 are located nearer the
C-terminus of domain IV, at variable positions on either
side of a region of very high amino acid conservation
(Fig. 1B). These two mutants share phenotypes where
transcription of mRNA and le1 RNA was very high;
however, in vitro replication was severely decreased
compared with wt L (Table 1). Interestingly, in vivo repli-
cation was significantly stimulated relative to that in vitro
for SS7 and SS8, as well as for SS13, whereas these are
generally comparable for the other mutants. Uncoupling
of the transcription and replication abilities of some Sen-
dai L mutants has previously also been seen with muta-
tions in domains I and II and at aa 1571 (Chandrika et al.,
1995; Horikami et al., 1995; Smallwood et al., 1999). The
relative replicative efficiencies in vivo and in vitro are
directly contrary to what might be expected and what we
have observed in other L mutants, since in vitro replica-
tion measures a single round of replication using purified
DI-H template, while in vivo replication requires multiple
rounds of amplification to detect the products. It appears
that polymerase replicative function in some mutants is
being stimulated by one or more host cell components,
although the nature of this helper function is unknown.
One explanation for higher in vivo replication may just be
that the reactions are more efficient in vivo than in vitro.
This is not the whole explanation, however, since only a
few of the L mutants showed stimulation in vivo.
We have previously shown that for P-L complex forma-
tion the P binding site on L resides in the N-terminal
1–1146 aa, but was lost in a protein with only aa 1–895
(Chandrika et al., 1995). Domain IV includes aa 927–1128,
although none of the mutations abolished P-L binding
(Fig. 6). Either the binding site resides at other amino
acids within this region or the loss of aa 895–1146 may
have caused a conformational change that altered the
actual binding site at a more N-terminal position. Al-
though the number of mutations that we constructed, 30
amino acid changes in 11 sites in domain IV with 202
amino acids, is not saturating, we can make some gen-
eralizations. First, even outside of blocks of sequence
with very high conservation, some changes, but not oth-
ers are allowed. Second, it is more likely to get partial
phenotypes that can lead to a dissection of the steps
required for viral RNA synthesis if one substitutes se-
quences from the L gene of a related virus.
The only other study to look at the function of domain
VI was the construction of a deletion in the L protein of
vesicular stomatitis virus (VSV) (Canter et al., 1993). The
deletion of the first half of VSV domain VI, aa 1638–1673,
corresponding to aa 1770–1808 including the SS13 site in
Sendai L (Fig. 1B), removed most of the conserved pu-
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436 FELLER ET ALtative purine nucleotide binding motif. The initial studies
showed that the VSV deletion was completely inactive in
transcription in vitro (Canter et al., 1993), and it was
subsequently shown that inactivity was the result of the
misfolding or aggregation of the protein and the resultant
inability to bind P protein to form the polymerase com-
plex (Canter and Perrault, 1996).
Clustered charged-to-ala mutagenesis can lead to the
formation of proteins which are temperature-sensitive
(Diamond and Kirkegaard, 1994; Hassett and Condit,
1994; Ohya and Botstein, 1994). Indeed, preliminary stud-
ies showed that two of the mutants, SS3 and SS10, in
domain IV and SS13 in domain VI were ts, although only
SS10 and SS13 had alanine substitutions. Further char-
acterization of various aspects of viral RNA synthesis
showed generally greater than 40% of wt L activity in
transcription and replication in vitro with these L mutants
synthesized at the permissive temperature of 32°C, com-
pared with nearly complete inactivation of both pro-
cesses when synthesized at 37 and 39.6°C (Table 2),
with the exception that SS13 was inactivated only at the
highest temperature. Since none of the L mutants gave
wt activity at 32°C, clearly the mutations perturbed the
overall structure of the protein somewhat even at the
permissive temperature. Analysis of the amounts of the L
mutants synthesized at each temperature showed that a
reduction in the steady state amount of each ts L (Fig. 7)
ccounted for part, but not all, of the inactivation at
9.6°C. It is possible that it is the resultant changes in
he P-to-L ratio which may affect polymerase activity.
ach of the mutants was somewhat more active in ge-
ome replication in vivo than in vitro when synthesized at
he permissive temperature, so the environment of the
ntact host cell contributes an unknown stabilizing func-
ion to the mutant polymerases. This in vivo stabilization
as striking (;fourfold) for SS13 at 37°C, although it did
ot protect the protein at the higher temperature where
his L mutant was also virtually inactive.
Temperature-sensitive proteins can often be placed
nto one of two distinct classes. After synthesis at the
ermissive temperature some proteins can be heat in-
ctivated in vitro by incubation at the nonpermissive
emperature, while others cannot be heat inactivated.
he latter class are those that are designated ts only for
ynthesis, as they are stable once synthesized and prop-
rly folded. The thermolability of the Sendai ts L mutants
or mRNA synthesis was determined. Each of the mu-
ants synthesized at the permissive temperature could
e partially, but not completely, heat inactivated at the
onpermissive temperature in vitro, with SS13 being the
ost sensitive (Fig. 10). The remainder of the tempera-
ure sensitivity must be the result of improper synthesis
t the nonpermissive temperature, which was supported
y the observed reduction in the steady-state levels ofhe proteins at 39.6°C. Thus these L mutants appear to
ave attributes of each class of ts proteins.
t
mMATERIALS AND METHODS
ells, viruses, and antibodies
A549 human lung carcinoma cells were used for all
xperiments. Sendai virus (Harris strain) and its defec-
ive interfering (DI) particle DI-H were propagated in
mbryonated chicken eggs as previously described
Carlsen et al., 1985). Polymerase-free nucleocapsid tem-
late (RNA-NP) was purified from both wt Sendai and
I-H viruses as previously described (Horikami et al.,
992). A vaccinia virus recombinant which expresses the
acteriophage T7 RNA polymerase (VVT7) (Fuerst et al.,
986) was grown in CV-1 African green monkey kidney
ells. Antibodies employed were rabbit polyclonal anti-
endai virus (a-SV) (Horikami et al., 1992), anti-P peptide
(a-P; a kind gift of K. Gupta, Rush Medical Center, Chi-
ago, IL) and rabbit anti-trpE/L fusion protein (a-L)
Horikami et al., 1992).
lasmids and mutagenesis
The pGEM plasmids containing the genes for Sendai
irus NP, L, and Pstop (expressing only P because of a
top codon in the C open reading frames, which will be
esignated wt P), under the control of the T7 promoter
ave been described previously (Curran et al., 1991,
994). The plasmid pSPDI-H expresses from the T7 pro-
oter a full-length DI-H (1) sense genomic RNA, fol-
owed by the hepatitis delta ribozyme and a T7 termina-
or (Myers and Moyer, 1997). Plasmids encoding the
utant L proteins were generated either by polymerase
hain reaction (PCR)-based mutagenesis (Higuchi et al.,
988) using the high-fidelity Vent polymerase (New En-
land Biolabs) or by plasmid-based mutagenesis using
he Clontech Transformer Site-Directed Mutagenesis Kit,
ccording to the manufacturer’s directions. To construct
he domain IV mutants using a smaller section of the
ene, a unique RsrII restriction site was first inserted into
he wt L gene at nt 2741, between domains III and IV (Fig.
). This was done by PCR-based mutagenesis using the
wo complementary mutagenic primers SM429 (59
ATCTCTTACGGTCCGGCTGATAGTTGG) and SM430 (59
CAACTATCAGCCGGACCGTAAGAG) and two outside
rimers SM412 (59 ATCCTTACTGTCCAGTCG) and SM134
59 AGGTGGATCCACATTTTCTGCC), with pGEM-L as the
emplate. The overlapping PCR products were purified,
ixed, and joined by amplification using only the outer
rimer pair. The resultant PCR product was digested at
he unique AvrII (nt 2203) and Tth111I (nt 3246) sites
which flank the RsrII site (Fig. 1) and cloned into pGEM-L
n place of the wt fragment. The RsrII1 L clone was
erified by sequencing and shown to be wt for polymer-
se function (data not shown). From the RsrII1 L clone,
he AvrII to AgeI (nt 3360) region including the RsrII site
Fig. 1) was subcloned into pBS II KS1 (Stratagene) at
he XbaI to XmaI sites to be used for plasmid-based
utagenesis.
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437SENDAI DOMAIN IV AND VI L MUTANTSThe L mutants SS1 to SS11 were generated by plas-
mid-based mutagenesis of the pBS AvrII-RsrII-AgeI plas-
mid with the invariant selection primer SM432 (59 GT-
ACTGGTGAGGCCTCAACCAAGTC) and specific muta-
enic oligonucleotide primers (sequences available on
equest). For screening purposes, each mutagenic
rimer also contained either a silent new restriction site
r a silent deletion of an existing site. Potential mutant
lones were identified by PCR amplification of the region
ollowed by digestion with the differentiating enzyme.
orrect clones were sequenced across the RsrII-AgeI
egion and subcloned back into the full-length pGEM-L
RsrII1) plasmid using the RsrII and Tth111I (SS1–7, SS9–
1) or BseRI (nt 3315) (SS8) sites.
For the mutant SS12 the domain VI-containing XhoI (nt
909) to BstXI (nt 6399) region of the L gene was first
loned into pBS SK1 (Stratagene), to be the target for
lasmid-based site-directed mutagenesis. pGEM-L was
igested with BstXI, then blunted with T4 DNA polymer-
se. The linear fragment was then digested with XhoI,
nd the fragment cloned into the XhoI-SmaI sites of pBS
K1. For the mutagenesis the selection primer SM432
as used along with the SS12 mutagenic primer (se-
uence available on request). Potential mutant clones
ere verified by sequencing prior to being subcloned
ack into pGEM-L at the XhoI-StuI (nt 5687) sites. The
omain VI mutants SS13 and SS14 were constructed by
CR-based mutagenesis with sets of complementary
utagenic primers (for SS13 and SS14, sequences avail-
ble on request) along with two outside primers, SM260
59 GATTGGCAAGGGGGTG) and SM469 (59 AATGCT-
ATGCAGTACAACTTG), which flank the unique XhoI and
tuI sites. Mutant products were cloned into pGEM-L at
hose sites and verified by sequence analysis.
endai virus transcription
A549 cells at about 80% confluence in 60-mm dishes
ere infected with VVT7 at a multiplicity of infection of
.5 plaque-forming units (PFU)/cell for 1 h at 37°C. The
nfected cells were washed with PBS and transfected
ith wt P (1.5 mg) and the wt or mutant L (0.5 mg)
lasmids in lipofectin (Life Technologies) and incubated
n Opti-MEM (Life Technologies) containing 50 IU/ml
enicillin, 50 mg/ml streptomycin, 2 mM glutamine, and
14 mM HEPES at the temperatures indicated in each
figure. At 18 h for cells incubated at 39.6 and 37°C and
40 h for cells at 32°C posttransfection, cytoplasmic ex-
tracts (100 ml) were prepared using the lysolecithin pro-
edure (Horikami et al., 1992), in which the cells were
craped into incomplete reaction mix and then supple-
ented after micrococcal nuclease digestion with mag-
esium acetate, RNasin (Promega), actinomycin D, cre-
tine phosphate, and creatine phosphokinase (Chan-
rika et al., 1995). To assay for mRNA synthesis, extracts
90 ml) were incubated with wt Sendai RNA-NP template
f
(1 mg) and [a32P]CTP (20 mCi) for 2 h at 30°C. The total
labeled transcription products were purified with RNeasy
columns (Qiagen), ethanol precipitated, and analyzed by
electrophoresis on 1.5% agarose-acid-urea gels. The
products were visualized by autoradiography and quan-
titated using a PhosphorImager (Molecular Dynamics).
To assay for the 55 nucleotide le1 RNA, extracts were
prepared and incubated as before, except with in-
creased RNA-NP template (2.5 mg), 1 mM CTP, and no
radiolabeled nucleotide. Unlabeled total transcripts were
isolated by proteinase K digestion (250 mg/ml), phenol/
chloroform extraction and ethanol precipitation, and then
separated by electrophoresis on 8% polyacrylamide/8 M
urea gels. The RNA was transferred onto Hybond-N
nylon membrane (Amersham Pharmacia Biotech) using a
semidry blotter (Fisher Scientific) at 0.8 mA/cm2 in 13
TBE for 1 h. Leader RNA was detected using a 32P
end-labeled Sendai le1-specific oligonucleotide probe,
59 AAATCCTGTATAACTTCATTACATATCCCTTACATGTTT-
TTTCTCTTGTTTGGT. The Northern analysis was per-
formed basically as previously described (Horikami and
Moyer, 1991), except that hybridization was done at 40°C
and the washes were three times for 15 min in 63 SSPE
(0.9 M NaCl; 60 mM sodium phosphate, monobasic; 6
mM EDTA, pH 7.4)/0.1% SDS at room temperature, once
in the same solution at 40°C and once in 63 SSPE alone
at 40°C.
Sendai virus DI-H replication
For in vitro replication analysis, VVT7-infected A549
cells were transfected at 1 h postinfection (hpi) with wt P
(5 mg), NP (2 mg), and wt or mutant L (0.5 mg) plasmids.
At 18 h for cells incubated at 39.6 and 37°C and 40 h for
cells at 32°C posttransfection, lysolecithin extracts (100
ml) were prepared in incomplete reaction mix containing
10 mM CTP with magnesium acetate and RNasin. After
elleting the nuclei actinomycin D (20 mg/ml), DI-H
RNA-NP template (2 mg), and 50 mCi [a32P]CTP were
dded and incubated at 30°C for 2 h. The samples were
icrococcal nuclease treated to degrade all nucleic ac-
ds except encapsidated replication products, the RNA
urified on RNeasy columns, separated on agarose-acid-
rea gels, visualized and quantitated. For in vivo replica-
ion VVT7-infected A549 cells were transfected as previ-
usly, with the addition of the pSPDI-H (2.5 mg) plasmid
nd incubated at different temperatures as described
arlier. Lysolecithin extracts were prepared in reaction
ix salts (0.1 M HEPES [pH 8.50], 50 mM NH4Cl, 7 mM
Cl, 1 mM DTT) and micrococcal nuclease treated. The
nlabeled nuclease-resistant products were purified
ver RNeasy columns, ethanol precipitated, and sepa-
ated on agarose-acid-urea gels. The RNA was trans-
erred to nylon membranes using the same conditions as
or leader gels except that transfer was continued for 2 h.
2) strand DI-H replication products were detected using
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438 FELLER ET ALan internally labeled full-length (1) sense DI-H ribo-
probe. Hybridization was done under the same condi-
tions as for leader transcripts, except that the tempera-
ture was raised to 57°C. The blots were washed in 63
SSPE/0.1% SDS for 15 min at room temperature, 30 min at
57°C, and twice for 30 min in 23 SSPE/1% SDS at 57°C.
To monitor Sendai NP and P synthesis, samples (10 ml)
of the extracts were separated by 7.5% SDS–PAGE and
transferred to nitrocellulose. The blots were incubated
with rabbit a-SV and a-P peptide primary antibodies
ollowed by a horseradish peroxidase-conjugated goat
nti-rabbit secondary antibody. Complexes were de-
ected by chemiluminescence (ECL, Amersham Pharma-
ia Biotech) according to the manufacturer’s protocol.
mmunoprecipitation and nucleocapsid binding assays
The L mutants were tested for protein synthesis. VVT7-
nfected cells (in 35-mm dishes) were transfected with 1.5
mg of both wt P and the wt or mutant L plasmids and
incubated at the temperatures indicated in each figure.
At 4 h posttransfection the cells were labeled for 18 h
with 90 mCi/ml Express-[35S] (NEN Life Science Prod-
cts) in cysteine/methionine-free Dulbecco’s MEM (Me-
iatech) supplemented with 10% MEM (Life Technolo-
ies). Samples of cytoplasmic cell extracts were ana-
yzed directly by 7.5% SDS–PAGE and autoradiography or
mmunoprecipitated with a mixture of a-SV and a-L an-
ibodies (1 ml each) and selected with inactivated Staph-
ylococcus aureus, Cowan strain as described previously
(Carlsen et al., 1985).
Nonfunctional L mutants were tested for their ability to
form a complex with P protein and for polymerase bind-
ing to the template. At 1 hpi VVT7-infected A549 cells in
100-mm dishes were transfected with 15 mg of both P
and the wt or mutant L plasmids, at 37°C in supple-
mented Opti-MEM and labeled as before. At 18 hpi lyso-
lecithin extracts (310 ml) were made in reaction mix salts
and the nuclei pelleted. Sendai virus proteins in the
extracts (40 ml) were immunoprecipitated and analyzed
y 7.5% SDS–PAGE. For the nucleocapsid template-bind-
ng assays, equal samples (125 ml) were incubated in the
bsence or presence of 1 mg wt Sendai RNA-NP (Nucs)
or 1 h at 30°C. The samples were separated on a step
radient of 2.5 ml each of 30 and 50% glycerol in 10 mM
EPES, 1 mM EDTA in a SW55 rotor for 75 min at 50,000
pm at 4°C. The nucleocapsid-containing pellets were
ollected, the proteins separated by 7.5% SDS–PAGE,
nd visualized by autoradiography.
ACKNOWLEDGMENT
This work was supported by NIH Grant AI 14594 (S.A.M.).
REFERENCES
Bowman, M. C., Smallwood, S., and Moyer, S. A. (1999). Dissection of
individual functions of the Sendai virus phosphoprotein in transcrip-
tion. J. Virol. 73, 6474–6483. MCanter, D. M., Jackson, R. L., and Perrault, J. (1993). Faithful and efficient
in vitro reconstitution of vesicular stomatitis virus transcription using
plasmid-encoded L and P proteins. Virology 194, 518–529.
Carlsen, S. R., Peluso, R. W., and Moyer, S. A. (1985). In vitro replication
of Sendai virus wild type and defective interfering particle genome
RNAs. J. Virol. 54, 493–500.
Chandrika, R., Horikami, S. M., Smallwood, S., and Moyer, S. A. (1995).
Mutations in conserved domain I of the Sendai virus L polymerase
protein uncouple transcription and replication. Virology 213, 352–
363.
Chuang, J. L., and Perrault, J. (1997). Initiation of vesicular stomatitis
virus mutant polR1 transcription internally at the N gene in vitro.
J. Virol. 71, 1466–1475.
Curran, J., Boeck, R., and Kolakofsky, D. (1991). The Sendai virus P gene
expresses both an essential protein and an inhibitor of RNA synthe-
sis by shuffling modules via mRNA editing. EMBO J. 10, 3079–3085.
urran, J., Pelet, T., and Kolakofsky, D. (1994). An acidic activation-like
domain of the Sendai virus P protein is required for RNA synthesis
and encapsidation. Virology 202, 875–884.
iamond, S. E., and Kirkegaard, K. (1994). Clustered charged-to-alanine
mutagenesis of poliovirus RNA-dependent RNA polymerase yields
multiple temperature-sensitive mutants defective in RNA synthesis.
J. Virol. 68, 863–876.
uerst, T. R., Niles, E. G., Studier, F. W., and Moss, B. (1986). Eukaryotic
transient-expression system based on recombinant vaccinia virus
that synthesizes bacteriophage T7 RNA polymerase. Proc. Natl.
Acad. Sci. USA 83, 8122–8126.
ammond, O. C., and Lesnaw, J. A. (1987). Functional analysis of
hypomethylation variants of the New Jersey serotype of vesicular
stomatitis virus. Virology 160, 330–335.
assett, D. E., and Condit, R. C. (1994). Targeted construction of tem-
perature-sensitive mutations in vaccinia virus by replacing clustered
charged residues with alanine. Proc. Natl. Acad. Sci. USA 91, 4554–
4558.
ercyk, N., Horikami, S. M., and Moyer, S. A. (1988). The vesicular
stomatitis virus L protein possesses the mRNA methyltransferase
activities. Virology 163, 222–225.
iguchi, R. (1990). Recombinant PCR. In “PCR Protocols: A Guide to
Methods and Applications” (M. A. Innis, D. H. Gelfand, J. J. Sninsky,
and T. J. White, Eds.), pp. 177–183. Academic Press, New York.
orikami, S. M., Curran, J., Kolakofsky, D., and Moyer, S. A. (1992).
Complexes of Sendai virus NP-P and P-L proteins are required for
defective interfering particle genome replication in vitro. J. Virol. 66,
4901–4908.
orikami, S. M., Hector, R. E., Smallwood, S., and Moyer, S. A. (1997).
The Sendai virus C protein binds the L polymerase protein to inhibit
viral RNA synthesis. Virology 235, 261–270.
orikami, S. M., and Moyer, S. A. (1991). Synthesis of leader RNA and
editing of the P mRNA during transcription by purified measles virus.
J. Virol. 65, 5342–5347.
orikami, S. M., and Moyer, S. A. (1995). Alternative amino acids at a
single site in the Sendai virus L protein produce multiple defects in
RNA synthesis in vitro. Virology 211, 577–582.
unt, D. M., and Hutchinson, K. L. (1993). Amino acid changes in the L
polymerase protein of vesicular stomatitis virus which confer aber-
rant polyadenylation and temperature-sensitive phenotypes. Virology
193, 786–793.
in, H., and Elliott, R. M. (1992). Mutagenesis of the L protein encoded
by Bunyamwera virus and production of monospecific antibodies.
J. Gen. Virol. 73, 2235–2244.
ingsbury, D. W. (1991). “The Paramyxoviruses.” Plenum, New York.
amb, R. A., and Kolakofsky, D. (1996). Paramyxoviridae: The viruses
and their replication. In “Fundamental Virology” (B. M. Fields, D. M.
Knipe, and P. M. Howley, Eds.), 3rd ed., pp. 577–604. Lippincott-
Raven, Philadelphia.
yers, T. M., and Moyer, S. A. (1997). An amino-terminal domain of the
OP
P
439SENDAI DOMAIN IV AND VI L MUTANTSSendai virus nucleocapsid protein is required for template function in
viral RNA synthesis. J. Virol. 71, 918–924.
hya, Y., and Botstein, D. (1994). Structure-based systematic isolation
of conditional-lethal mutations in the single yeast calmodulin gene.
Genetics 138, 1041–1054.
och, O., Blumberg, B. M., Bougueleret, L., and Tordo, N. (1990). Se-
quence comparison of five polymerases (L proteins) of unsegmented
negative-strand RNA viruses: Theoretical assignment of functional
domains. J. Gen. Virol. 71, 1153–1162.
ringle, C. R. (1991). The genetics of paramyxoviruses. In “The
Paramyxoviruses” (D. W. Kingsbury, Ed.), pp. 1–36. Plenum, New York.
Ryan, K. W., and Portner, A. (1988). Carboxyl-terminal region of Sendai
virus P protein is required for binding to viral nucleocapsids. Virology
167, 106–112.Schnell, M. J., and Conzelmann, K. K. (1995). Polymerase activity of in
vitro mutated rabies virus L protein. Virology 214, 522–530.
Sidhu, M. S., Menonna, J. P., Cook, S. D., Dowling, P. C., and Udem, S. A.
(1993). Canine distemper virus L gene: Sequence and comparison
with related viruses. Virology 193, 50–65.
Sleat, D. E., and Banerjee, A. K. (1993). Transcriptional activity and
mutational analysis of recombinant vesicular stomatitis virus RNA
polymerase. Virology 67, 1334–1339.
Smallwood, S., Easson, C. D., Feller, J. A., Horikami, S. M., and Moyer,
S. A. (1999). Mutations in conserved domain II of the large (L) subunit
of the Sendai virus RNA polymerase abolish RNA synthesis. Virology
262, 375–383.Vidal, S., and Kolakofsky, D. (1989). Modified model for the switch from
Sendai virus transcription to replication. J. Virol. 63, 1951–1958.
